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ABSTRACT
Interpretation of sea surface height anomaly (SSHA) and wind forcing of first baroclinic mode Rossby waves
is considered using linear inviscid long-wave dynamics for both the standard and surface-intensified vertical
mode in a continuously stratified rest-state ocean. The ratio between SSHA variance and vertically integrated
energy of waves is proportional to 1) a dimensionless ratio characterizing the surface intensification of the
pressure eigenfunction, 2) the squared internal gravity wave speed, and 3) the inverse of the water depth.
Geographic variations in stratification and bathymetry can therefore cause geographically varying SSHA variance
even for spatially uniform wave energy. The ratio between SSHA variance and wave energy across the North
Atlantic shows important spatial variations based on eigensolutions for the standard vertical mode determined
numerically using climatological hydrography. The surface-intensified mode result is similar, though the ratio
is generally slightly larger and less sensitive to depth variations. Results are applied to the propagating annualfrequency portion of TOPEX altimeter SSHA in the North Atlantic. SSHA variance at 358 in the western half
of the basin increases by ;63% over that in the east, but the associated change in inferred first-mode baroclinic
Rossby wave energy is a substantially smaller increase of ;26% (;34%) for the standard (surface intensified)
mode. This is mainly associated with increases to vertical mode surface intensification and squared internal
gravity wave speed in the west due to stronger stratification above the pycnocline. The wind-forced wave equation
for SSHA has a dimensionless coefficient of Ekman pumping that is proportional to the ratio between SSHA
variance and wave energy, implying similar geographic variation in efficiency of wind excitation of Rossby
wave SSHA.

1. Introduction
Rossby wave observations were limited [White 1977;
Price and Magaard 1980; Halliwell et al. 1991; and others; Dewar (1998) includes a review] until sea surface
height anomaly (SSHA) measurements by the TOPEX
altimeter obtained improved spatial and temporal coverage to enable a more complete description of the signal
(e.g., Chelton and Schlax 1996, hereinafter CS; Polito
and Cornillon 1997, hereinafter PC). In many of the
world’s oceans a component of SSHA with dominantly
westward propagation of a somewhat regular train of
highs and lows (e.g., Fig. 2 of CS; Fig. 1 of PC) can
be identified traveling across the basin at a nearly annual
frequency. Because the observed speeds (CS; PC) are
similar to that of the first baroclinic mode calculated
using climatological hydrography (e.g., Emery et al.
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Rd., Groton, CT 06340-6097.
E-mail: d.codiga@uconn.edu

q 2003 American Meteorological Society

1984; Chelton et al. 1998) and differ substantially from
those of the barotropic and higher baroclinic modes, the
signal is interpreted as the surface signature of first baroclinic mode Rossby waves. While the total SSHA field
includes wave and nonwave contributions from each of
the vertical modes (barotropic and all baroclinic), comparisons to moored current meters (e.g., Wunsch 1997)
suggest that the barotropic and first baroclinic modes
are the most important. The focus in this study is the
component of SSHA due to first baroclinic mode, long
Rossby waves at off-equatorial latitudes. This can be
separated from standing and eastward-propagating components, which are generally less prominent, using sophisticated analysis approaches (e.g., PC; Vivier et al.
1999; Polito et al. 2000); here as in CS the signal is
isolated, albeit imperfectly, by limiting attention to the
annual frequency after application of a zonal high-pass
filter to remove the nonpropagating steric component.
A striking attribute of this portion of the SSHA signal
is geographic structure in its variance. Rich detailed
patterns are seen in the North Atlantic (e.g., PC), Pacific
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(e.g., Vivier et al. 1999), and Indian (e.g., Wang et al.
2001) Oceans. Vivier et al. and Wang et al. interpret
this as changes in wave energy. Although it may, in
fact, result from variations in wave energy, it could also
result from geographic variations in the vertical structure of the first baroclinic mode due to changes in stratification profile and water depth. A primary aim of this
study is to investigate the importance of the latter effects. Wave propagation through a varying medium is
well known to involve changes in wave amplitude while
the integrated or total energy may be preserved (e.g.,
Lighthill 1978). This applies to baroclinic Rossby waves
moving through geographically varying stratification
profiles and water depths. Our main focus is the relation
between SSHA variance, the wave attribute directly
measured by altimeter, and vertically integrated wave
energy; for example, we provide an estimate of the geographic structure of SSHA variance in the North Atlantic
for waves of spatially uniform energy.
In addition to geographic structure in variance of
propagating SSHA, observed speeds are systematically
somewhat higher (CS; PC) than for the standard theory,
and these attributes have together helped prompt a number of theoretical and modeling studies that modify the
standard theory with additional processes. We use
‘‘standard theory’’ to refer to inviscid, linear, hydrostatic, Boussinesq, nearly geostrophic Rossby waves in
a beta-plane, resting background state, flat-bottom ocean
of geographically uniform stratification profile, with rigid-lid surface and kinematic seafloor boundary conditions; we refer to the vertical structure of such wave
solutions as the ‘‘standard mode.’’ Modifications to the
standard theory include mean flow influences (e.g., Killworth et al. 1997; Dewar 1998), the impact of friction
(e.g., Qiu et al. 1997), interaction between waves and
topography (e.g., Killworth and Blundell 1999), and the
effects of lateral and bottom boundaries and associated
mode coupling (e.g., Pedlosky 2000; LaCasce 2000;
Tailleux and McWilliams 2000, 2001). Because the present aim is to assess the importance of geographic variations in the first-mode eigensolutions, the initial approach treats climatological hydrographic data in terms
of the unmodified standard theory. The intent is not to
argue that modifications to the theory are unnecessary,
but rather to use the standard theory as an initial evaluation of the effect. Then, to assess the robustness of
the results to the use of the standard mode, we use the
same hydrography to treat the surface-intensified vertical mode (Rhines 1970; Samelson 1992; Tailleux and
McWilliams 2001; and others) for comparison. The surface-intensified mode is related to the standard mode by
a changed bottom boundary condition that becomes appropriate, for example, to incorporate effects of sloping
topography; one reason why it is of interest is that its
speed exceeds that of the standard mode by an amount
(Tailleux and McWilliams 2001) similar to observed
SSHA propagation speeds.
The forced wave equation for SSHA is considered
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here as motivated by a number of studies (e.g., Sturges
et al. 1998; Vivier et al. 1999; Wang et al. 2001; Birol
and Morrow 2001) that demonstrate important control
over Rossby wave SSHA by direct Ekman pumping
(wind stress curl fluctuations in basin interiors away
from boundaries). A unitless coefficient of Ekman
pumping is identified and shown to have substantial
geographic variations.
2. Relating SSHA, wave energy, and wind forcing
The standard theory (e.g., Rossby 1939; Gill 1982;
Pedlosky 1987) for wind-forced baroclinic Rossby
waves is used in this section to present 1) the ratio g
between SSHA variance and vertically integrated wave
energy and 2) a unitless coefficient a of the Ekman
pumping forcing term in the wave equation for SSHA.
Using standard notation, the governing momentum, density conservation, and continuity equations are
2 f y 5 2px 1 (1/r o )dt x /dz

(1a)

f u 5 2py 1 (1/r o )dt y /dz

(1b)

0 5 2pz 1 b

(1c)

bt 1 N w 5 0

(1d)

2

u x 1 y y 1 wz 5 0.

(1e)

Horizontal stresses are [t (z), t (z)] and surface wind
stress is t o 5 (t ox , t oy ) 5 [t x (z 5 0), t y (z 5 0)].
x

y

a. Unforced system
An infinite series of baroclinic normal modes (e.g.,
Gill 1982; Wunsch and Stammer 1997; Frankignoul et
al. 1997) is considered (summations are over all i; real
part understood):

O P (x, y, t)F (z)
w(x, y, z, t) 5 O P (x, y, t)G (z).
p(x, y, z, t) 5

i

i

(2a)

i

i

(2b)

Though a specific choice of normalization for F and G
is used throughout this paper, the resulting expression
for the ratio between SSHA variance and wave energy
is provided in normalization-independent form below
(11). The ith baroclinic mode reduced pressure has temporal-horizontal function P i , of dimensions length 2 /
time 2 , and dimensionless vertical eigenfunction F i (z).
The vertical velocity has vertical eigenfunction G i (z),
of dimensions time/length. Modes are orthogonal to
each other in a vertically averaged sense,
(1/H )

E

0

|Fi (z)Fj (z)| dz 5 d ij ,

2H

for water depth H and Kronecker delta d ij . Our interest
lies with the first baroclinic mode, which contributes
most strongly to the sea surface height (e.g., Wunsch
and Gill 1976; Wunsch 1997), so i subscripts are
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dropped henceforth except where noted, and equations
are understood to be for the first mode. The two eigenfunctions are related by
F 5 (c 2 /is)dG/dz,

(3)

where c is the internal gravity wave speed and s [2p
(yr)21 throughout this study] is the wave frequency, for
wave solutions P(x, y, t) } exp[i(kx 2 st)] with wavenumber k in the x direction, and our normalization includes the relation

E
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0

|F(z)| 2 dz 5 H 5 (c 2 /s 2 )

2H

E

0

N(z) 2 G(z) 2 dz.

(4)

g 5 (2/g 2 )Ic 2 /H.

Equation (11) makes clear the dependence of SSHA
variance, for a wave energy level E, on three parameters:
it is (i) proportional to I, the normalized squared surface
value of the pressure eigenfunction, (ii) proportional to
the square c 2 of the internal gravity wave phase speed,
and (iii) inversely proportional to the water depth H.
In the limit of an N(z) profile that varies slowly with
depth in a Wentzel–Kramers–Brillouin (WKB) sense, it
can be shown (following, e.g., Chelton et al. 1998; Tailleux and McWilliams 2001) that

g WKB 5 4N(0)^N& z H/(p 2 g 2 ),

2H

Separation of variables yields the separation constant
21/c 2 and horizontal structure equation
P t 1 c R P x 5 0,

(5)

with westward phase speed for long Rossby waves c R
5 2bc 2 / f 2 . The vertical structure equation and boundary conditions are
Gzz 1 (N 2 /c 2 )G 5 0

(6a)

G50

at z 5 0

and z 5 2H,

(6b)

the latter corresponding physically to zero vertical velocity conditions at the surface, where the rigid-lid assumption applies, and at the seafloor. In practice, for
arbitrary stratification profile N 2 (z), the separation constant and eigenfunctions of system (6) are determined
numerically.
We seek to relate the signature of the waves observed
by altimeter, a component h of SSHA, to the vertically
integrated wave energy. Under the rigid-lid assumption
the SSHA is a passive expression of the wave,

h 5 p(z 5 0)/g 5 F(0)P/g,

where ^ & is the vertical mean. The expression makes
clear that higher g will occur for stratification intensified
at the surface, higher vertical-mean stratification, and
deeper water. The difficulty inherent in selecting N(0)
appropriate to observed profiles, in which the WKB
limit is violated most strongly near the surface due to
rapid vertical variations associated with very low and
high values within and below the mixed layer, respectively, makes evaluating (12) with measurements impractical. Therefore, the remaining analysis uses values
of g (11) based on I and c values from numerically
determined eigensolutions using climatological N(z)
profiles.
b. Wind forcing
Effects of zero-mean fluctuating wind stress curl in
generating waves are considered. The forcing terms (1)
are expanded (e.g., Gill 1982) in the baroclinic modes,
for example, in the x-momentum equation as
1 dt x
5
r o dz

t

^h 2 & t 5

1 |F(0)| 2 |P| 2
.
2
g2

7E
1
2

8

0

b2
dz
N2

2H

t

5

@[

(1/H )

E

0

2H

T ix 5 [1/(r o H )]

x
i

E

i

0

Fi (z) dt x /dz dz.

2H

1 |P| 2 H
.
4 c2

The stress falls from its surface value to zero in the
upper few hundred meters of the water column and over
these depths F(z) for the first mode is nearly uniform
and close to its surface value, so T xi 5 t xo F i (0)/(ro H)
is a good approximation. The resulting forced version
of the wave equation for P (5) is

(9)

It follows from (8) and (9) that ^h 2 & t 5 g E, where g
[ (2/g 2 ) | F(0) | 2 c 2 /H. Using the dimensionless ratio
I 5 |F(0)| 2

O T (x, y, t)F (z),

where

(8)

For the long waves of interest, potential energy domi0
nates and takes the per-unit-mass form (1/2) #2H
b 2 /N 2
dz (e.g., Pedlosky 1987). With use of (1c) and (4), the
time-average energy per unit surface area, denoted E
(dimensions length 3 /time 2 ), is then
E5

(12)

z

(7)

and for harmonic time dependence the time-average (^ & )
squared SSHA is therefore

(11)

]

|F(z)| 2 dz ,

(10)

a form for g that is independent of the choice of normalization results:

P t 1 c R P x 5 [c 2 | F(0) | /H]w E ,

(13)

where w 5 (1/ro )= 3 (t / f ) is the Ekman pumping
vertical velocity. We emphasize that (13) governs pressure eigenfunction P, not SSHA. By (7), the forced wave
equation for SSHA is
E

o

h t 1 c R h x 5 aw E ,

(14a)

where the unitless coefficient of the forcing term, or
Ekman pumping efficiency, is
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FIG. 1. (a) Variance ^h 2 & t of propagating annual SSHA signature of first baroclinic mode
Rossby waves in the North Atlantic based on TOPEX/Poseidon altimeter data between Oct
1992 and Jun 1997. In this figure and those to follow, heavy dashed contours mark the 4000m isobath (Fig. 3c). At 358N values in the western half of the basin are a factor of ;1.63
larger than in the eastern half. (b) Ratio g of SSHA variance to vertically integrated energy
E of the first baroclinic mode, calculated from standard rest-state vertical mode eigensolutions
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FIG. 2. Comparison between 358N vertical mode structure at two representative locations marked by black
squares in Fig. 1b, one to the west (long 608W, solid lines) and one to the east (308W, dashed lines) of the
Mid-Atlantic Ridge. Horizontal lines mark seafloor depth. (left) Density r (lower axis) and buoyancy frequency N (upper axis) profiles; (right) first baroclinic mode vertical velocity eigenfunction G (lower axis)
and reduced pressure eigenfunction F (upper axis) profiles.

a 5 (g/2)g .

(14b)

The physical meaning of a is that SSHA of the first
baroclinic mode will be preferentially excited, by a given Ekman pumping, for conditions that result in large
a values.

←
FIG. 1. (Continued) using climatological hydrography. Values span
roughly an order of magnitude with geographic structure due to variations in the stratification profile and water depth. Black squares
mark locations of profiles in Fig. 2. (c) First baroclinic mode Rossby
wave energy E inferred as the ratio ^h 2 & t /g . At 358N values in the
western half of the basin are a factor of ;1.26 higher than in the
eastern half, a westward increase ;41% as high as that seen in ^h 2 & t .

3. Results for standard vertical mode
This section includes evaluation and examination of
the spatial structure of the ratio g between SSHA variance and wave energy, and hence of the Ekman pumping efficiency a. While the above derivations are for a
standard flat-bottom ocean with arbitrary but horizontally uniform density profile, we now treat the more
general situation where the bottom depth and the density
profile vary geographically. The above analysis is presumed valid locally, which is strictly applicable only
for geographic variations in stratification, depth, and
Ekman pumping that are weak in a WKB sense, and
this restriction is clearly not obeyed by the observed
fields. Our intent is not to argue that this assumption
applies to measured fields but rather to use it, because
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inclusion of non-WKB geographic variations is substantially more complicated, as a first step to explore
the range of variation of the parameters of interest. The
main points regarding interpretation of SSHA in relation
to wave energy and wind forcing apply to all oceans;
for demonstration the focus is annual frequency fluctuations in the North Atlantic between 108 and 608N
excluding locations off the Mid-Atlantic Ridge less than
1500 m deep.
a. Data and methods
The analysis steps for SSHA from altimetry follow
closely those of CS and PC. Merged geophysical data
records from TOPEX/Poseidon for residual sea surface
anomaly are used with standard choices for atmospheric
corrections and removal of tides, inverse barometer effect, and mean sea surface (e.g., Benada 1997). The
time period extends from October 1992 to June 1997.
Data reduction includes screening of outliers, application of an along-orbit low-pass Butterworth filter to suppress scales smaller than 90 km, and removal of the
time mean. Values are interpolated with inverse-radius
weighting to a 18 3 18 grid. The propagating annual
component is isolated by suppression of the nearly annual, large zonal scale portion associated with the steric
component of the annual heating/cooling cycle (Stammer 1997) using a zonal high-pass Butterworth filter
with 458 cutoff, leaving a dominantly westward propagating signal. A least squares fit is made to a single
annual harmonic at each grid point. Differences between
results of the harmonic fit and a Butterworth temporal
bandpass filter that suppresses energy outside the 280–
450-day range of periods are typically several percent
in SSHA. A 28 3 28 average is applied to ^h 2 & t (Fig.
1a) from the harmonic fit.
The hydrographic climatology used is the World
Ocean Circulation Experiment (WOCE) Hydrographic
Program Special Analysis Centre climatological hydrographic database (Gouretski and Jahncke 1998). This
database builds on the World Ocean Atlas (Levitus et
al. 1994) climatology of the National Oceanographic
Data Center with respect to objective interpolation on
neutral surfaces, vertical resolution and treatment of
near-bottom values, inclusion of modern WOCE data,
and certain aspects of quality control. The numerical
eigensolution method is carried out at each point on the
18 3 18 grid following the centered-first difference, neutral density gradient method described by Chelton et al.
(1998).
b. SSHA and inferred wave energy
Geographic changes in the variance of the propagating annual component of SSHA are substantial across
the North Atlantic (Fig. 1a). Maximum values are found
in the western portion of the basin, particularly at latitudes from 308 to 458N.
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Based on numerical eigensolutions using climatological hydrography, g varies by roughly an order of magnitude across the North Atlantic (Fig. 1b). Maximum
values are reached in the south and west and minima
are found at high latitudes. At midlatitudes, the dominant structure is an increase to the west. The implication
is that, if the energy in first-mode baroclinic Rossby
waves was completely uniform geographically, the associated SSHA variance would nonetheless increase
from east to west. As a result, interpreting SSHA variance as a direct indicator of wave energy [e.g., as for
the Pacific by Vivier et al. (1999)], in effect presuming
the two are related by a geographically uniform proportionality constant, would lead to the conclusion that
the wave energy increases westward far more so than
is the case.
On the other hand, using measured SSHA variance
with g calculated from hydrographic climatology, the
energy in the first baroclinic mode can be inferred. An
example of the features revealed by the resulting inferred first-mode Rossby wave energy in the North Atlantic (Fig. 1c) is that at 358N wave energy in the western half of the basin is a factor of 1.26 higher than in
the eastern half. This westward increase is 41% as high
as that seen in SSHA variance, which increases from
east to west by a factor of 1.63 (Fig. 1a).
c. Representative vertical modes east and west of the
Mid-Atlantic Ridge
To help to understand the origin of spatial variations
in the ratio between SSHA variance and wave energy,
we present eigensolutions for two North Atlantic locations at latitude 358N (Fig. 2). One site is west of the
Mid-Atlantic Ridge (608W, ;4550 m deep) and the other east of it (308W, ;3380 m deep). While densities
deeper than the base of the pycnocline are very similar
in the east and west, at shallower depths densities are
lower in the west. This gives rise to higher buoyancy
frequency through much of the upper water column in
the west. The first-mode internal gravity wave speed c
is larger at the west site (2.85 m s 21 ) than at the east
site (2.16 m s 21 ). This may be understood in terms of
the fundamental dependence of c on the vertical integral
of buoyancy frequency and on depth (e.g., Chelton et
al. 1998), given the stronger stratification and deeper
water at the west site. The westward increase in c is
most responsible for g west /g east 5 1.39. Note also that
near the surface, in the west, | dG/dz | is smaller, but
| F | is larger as a result (3) of the larger c 2 ; deeper than
about 1000 m, | dG/dz | remains smaller in the west, but
here | F | is also smaller in the west despite the larger
c2.
d. Factors contributing to the structure of g
The main aspects of the geographic structure of the
ratio g (Fig. 1b) of SSHA variance to wave energy can
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FIG. 3. Factors that contribute to g for the first baroclinic mode (shown in Fig. 1b): g is
proportional to (a) 3 (b)/(c). (a) Normalized squared surface value of the pressure eigenfunction
I, calculated from hydrographic climatology. (b) Squared internal gravity wave speed c 2 . (c)
Bathymetric depth H.
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be described as a combination of two broad patterns: a
general increase from the northeast to the southwest and
low values locally over regions of relatively shallow
water. To understand the contributing effects, examine
the factors that appear in the expression for g in (11):
I, c 2 , and H (Fig. 3). The normalized squared surface
pressure eigenfunction I (Fig. 3a) is controlled by both
the water depth and the stratification profile through
their impacts on the eigensolution. It shows underlying
influences of Mid-Atlantic Ridge bathymetry as relatively low values over shallow water, particularly at latitudes 308–508N. In contrast, large I values in the southwest, for example, are dominantly due to increased stratification shallower than the main pycnocline there. Both
of these attributes in the structure of I can be seen clearly
in g . The patterns in c 2 and H (Figs. 3b,c) are similar
to each other; they include small values paralleling the
Mid-Atlantic Ridge, with relatively larger c 2 values in
the west. The dependence of g is on the ratio c 2 /H (not
shown), which appears to have less impact than I except
for the increased western values. In summary, the ratio
of SSHA variance to wave energy (Fig. 1b) shows a
broad increase towards the southwest and slightly reduced values along the Mid-Atlantic Ridge, both of
which are mainly due to similar patterns in the normalized squared surface pressure eigenfunction.
4. Results for surface-intensified mode
A test of the robustness of the above results to the
use of the standard theory for vertical modes is appropriate. For example, Killworth and Blundell (1999) developed modifications to vertical-mode eigensolutions
due to topography when the stratification profile is horizontally uniform, and included a relation between energy and SSHA equivalent to (11) except for the use of
their modified eigensolutions. Extensions to the standard
theory can be incorporated in g in some cases by replacement of I and c with values using the modified
mode structure. In this section we carry this out for the
‘‘surface intensified’’ vertical mode. The surface-intensified mode, a modified form of the standard mode that
applies in the presence of steep bottom topography, has
been explored by Rhines (1970), Samelson (1992), and
others. Tailleux and McWilliams (2001) identify a ‘‘bottom-pressure decoupled’’ mode as the surface-intensified mode, emphasizing that its higher speed may account SSHA observations.
The surface-intensified (‘‘si’’) mode obeys the equations of section 2 with the exception that the bottom
boundary condition (6b) at z 5 2H, namely, G 5 0, is
replaced by dG/dz 5 0 (e.g., Tailleux and McWilliams
2001). As this bottom boundary condition makes analytic expressions for WKB depth variations of N(z)
problematic (Tailleux and McWilliams 2001), they will
not be pursued. However, the modified boundary condition is straightforwardly implemented in the numerical
eigensolution calculation. Surface-intensified vertical

FIG. 4. Vertical eigenfunctions from two North Atlantic locations,
as in Fig. 2b, for the surface-intensified mode.

mode structure (Fig. 4) differs fundamentally from that
of the standard mode (Fig. 2): Gsi takes its maximum
at the seafloor and Fsi reaches zero at the seafloor with
no water-column zero crossing. Comparing Fig. 4 to
Fig. 2b reveals that near the surface, | dGsi /dz | is much
smaller that | dG/dz | , meaning, by (3), that the similar
values that | Fsi (0) | and | F(0) | take are only possible
because of higher csi than c.
The geographic structure of g si and its main contributing factors Isi and c si2 (Fig. 5) show certain similarities
to those discussed in the previous section for the standard mode. Except at high latitudes, a general increase
from northeast to southwest dominates g si and is largely
due to Isi , while patterns in c si2 and H appear to compensate each other with less influence on g si .
The ratios g si /g , Isi /I, and c si2 /c 2 (Fig. 6) make clear
specifically how the surface-intensified mode results differ from those of the standard mode. The value of g si
exceeds that of g everywhere except a small southwest
region. This is particularly true over shallow areas, and
as a result, the pattern in g si (Fig. 5a) does not show
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FIG. 5. Surface-intensified mode results: (a) g si (cf. Fig. 1b), (b) Isi (cf. Fig. 3a), and (c) csi2
(cf. Fig. 3b).
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FIG. 6. Ratios of surface-intensified to standard vertical mode parameters: (a) 5 (b) 3 (c);
(a) g si /g , (b) Isi /I, and (c) csi2 /c 2 .
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relatively low values over shallow topography to the
same extent that g does (Fig. 1b). This is consistent
with the natural interpretation for the surface-intensified
mode that it is less sensitive to the bottom topography.
The underlying cause for the increased magnitudes of
g si over g is seen to be increases in c si2 over c 2 , which
overcome the fact that Isi is generally less than I (Figs.
6b,c).
To summarize, for the surface-intensified mode the
ratio between SSHA variance and wave energy across
the North Atlantic shows relatively minor differences
with that for the standard mode: slightly higher values
over most of the basin and a less severe local reduction
of values over the midocean ridge. These attributes are
due mainly to a higher internal gravity wave speed and
reduced sensitivity to bathymetry, respectively.
5. Conclusions and discussion
Effects of geographic variations in vertical eigensolution structure on first baroclinic mode Rossby waves
have been considered with respect to the relation between SSHA variance and vertically integrated energy
and to the efficiency of Ekman pumping in exciting
wave SSHA. To summarize, two parameters are identified as important, the ratio g (11) between squared
SSHA and wave energy, and the unitless coefficient a
[a multiple of g ; (14b)] of the Ekman pumping term in
the forced wave equation for SSHA. An expression (12)
for g WKB applicable to an N(z) profile with depth variations weak in the WKB sense shows that it is proportional to the water depth as well as the surface and
vertical-mean buoyancy frequency values. Using climatological hydrographic data (Gouretski and Jahncke
1998) to numerically calculate (Chelton et al. 1998)
first-mode eigensolutions demonstrates that g (and
hence a) vary by roughly an order of magnitude across
the North Atlantic (Fig. 1b). Largest values occur in the
south and west and smallest values at northern latitudes,
as controlled by spatial variations in the normalized
squared surface value of the pressure eigenfunction and
in the internal gravity wave speed. Treatment of the
surface-intensified mode (Rhines 1970; Samelson 1992;
Tailleux and McWilliams 2001; and others) in place of
the standard vertical mode shows similar results except
that g si (Figs. 5 and 6) has slightly higher values and
is less strongly reduced over shallow water.
Using g and measured annual-frequency propagating
SSHA, the geographic variation in vertically integrated
first baroclinic mode wave energy has been inferred in
the North Atlantic (Fig. 1c). At 358N, the SSHA variance (Fig. 1a) in the western half of the basin is 63%
higher than that in the eastern half, while the westward
increase in inferred wave energy for the standard vertical
mode (Fig. 1c) is just 26%; inferred energy increases
westward 41% as much as SSHA variance. (One can
make these same east–west comparisons in terms of
SSHA and square root of wave energy, as opposed to

SSHA variance and wave energy. At this latitude, the
westward increases are then reduced to 28% and 12%,
respectively, so the square root of energy increases 42%
as much as the SSHA. For either choice, the use of a
geographically uniform relation between altimetric signal and energy metric invites misinterpretation.) The
surface-intensified vertical mode shows smaller east–
west g si contrasts, but the westward inferred energy increase remains only 57% as high as for SSHA variance
in this example.
These results demonstrate and quantify the importance of geographic variations in stratification and bathymetry to interpretation of SSHA and wind forcing
of baroclinic Rossby waves. For example, while increased SSHA variance to the west of midocean ridges
(e.g., CS; PC) has helped to motivate theory and modeling (e.g., Pedlosky 2000; Tailleux and McWilliams
2000), westward increases in inferred wave energy are
less dramatic. In addition, suitable incorporation of a
spatially variable coefficient a could potentially benefit
modeling of SSHA patterns (e.g., Vivier et al. 1999;
Wang et al. 2001; Birol and Morrow 2001) by use of
the long-wave equation forced by measured Ekman
pumping.
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